the whole-genome level. An alternative approach is to use alien species chromosome substitution (CS) lines, whereby retention and recombination can be differentially increased for a specific chromosome or chromosome segment. Here we report for the first time on the development of a set of CS lines from two alien species in a common genetic background of upland cotton. The overall objective of this research is to report on the chromosomal association of important fiber traits using a partial-diallel mating design among CS lines of G. tomentosum Nutt. Ex Seem (CS-T), a wild tetraploid species endemic to Hawaii, G. barbadense L. (CS-B), a cultivated tetraploid species with improved fiber quality traits, and 'TM-1' (G. hirsutum), the recurrent parent with improved agronomic traits and moderate fiber quality traits. The genetic effects associated with CS lines were dissected into additive, homozygous dominance, and heterozygous dominance genetic effects using an additive-dominance statistical model. Five of six CS-B lines and two of six CS-T lines had significant additive genetic effects on lint percentage, indicating that the respective substituted alien chromosome carried alien alleles with potential to improve lint percentage in upland cotton. Fifty-six percent of 16 different significant additive effects associated with the CS-B lines could be useful to improve fiber traits in TM-1. On the contrary, 40% of 15 significant additive genetic effects of the CS-T lines had potential to improve fiber traits. Results suggested that CS lines can unveil many beneficial alleles harbored cryptically in the other AD-genome species and render them more accessible for research and cotton genetic improvement.
biotic and abiotic stresses have stimulated great interest to utilize other species as sources of genetic variation to enhance upland cotton germplasm (Zhang et al., 2011) .
The primary genepool of cotton consists of five to seven partially diploidized tetraploid (AD genome, 2n = 52) species. Two are cultivated, G. hirsutum [(AD) (Grover et al., 2015) . The 26-chromosome haploid genomes of these species have grossly similar genomic architecture. The primary genepool is typically the first choice for interspecific introgression to improve upland cotton because crosses among tetraploid species normally produce fertile hybrids. However, pedigree analysis of elite cotton cultivars revealed that exotic germplasm has rarely been assimilated anew into an elite cultivar, but once accomplished, such cultivars were used to breed most subsequently successful cultivars. The wild species are also reservoirs of many useful novel genes that remain unknown and underused in various cotton breeding programs because the pedigrees of the elite cultivars reveal imperceptible alien species heritage (Van Esbroeck et al., 1999) . Cotton has been domesticated independently four times from four species, two polyploid and two diploid (Wendel and Cronn, 2003) . Currently, almost 95% of all cotton produced around the world is accounted for by G. hirsutum, the allotetraploid species, because of its improved agronomic characteristics including high yield, whereas G. barbadense, the only other allotetraploid species, produces fiber of exceptionally good quality. Gossypium tomentosum, a wild species endemic to the Hawaiian archipelago (Fryxell, 1979) , is known for its small, rounded silvery gray leaves with dense pubescence and its near absence of foliar and bracteole nectaries, which are present in almost all other members of the cotton genus except G. gossypioides Ulbrich (Stephens, 1963 (Stephens, , 1964 Fryxell, 1979; Waghmare et al., 2005) . Gossypium tomentosum has recently been classified as rare by the World Conservation Union and is protected under the Endangered Species Act (https://www.usbg.gov/plants/ hawaiian-cotton). The nearly total absence of nectaries in the leaves, bracts, and extrafloral regions in G. tomentosum contributes to the reduction of certain insect populations, since little or no leaf or extrafloral nectar is present as a food source for adult insects (Lukefahr and Rhyne, 1960) . It was observed that nectariless cottons reduce tarnished plant bug (Lygus lineolaris Palisot de Beauvois) numbers (50%), fleahoppers (Pseudatomoscelis seriatus Reuter, 50%), boll rot (20%), and bollworm [Helicoverpa zea (Boddie)] damage (20%), and that nectariless lines produced lint yield and fiber quality equal to their isogenic commercial parents (Meredith et al., 1973) . Gossypium tomentosum also produces strong fiber (Meyer and Meredith, 1978) and is known as the most heat-resistant species in Gossypium (Akhtar et al., 1996; Percival et al., 1999) . Allozyme analysis revealed no definitive evidence of introgression from other species and no specific pattern of geographic differentiation in G. tomentosum from different islands of Hawaii (DeJoode and Wendel, 1992) . Another study showed that the genetic diversity within G. tomentosum was very low, with only 6.3% of the 351 amplified fragment length polymorphism markers being polymorphic within this species (Hawkins et al., 2005) . Several previous reports demonstrated that genotype-by-environment interactions significantly influence cotton lint yield, but such interaction effects were small relative to genotypic effects for fiber quality traits, which suggests the potential of genetic improvement of fiber quality traits in upland cotton using the diverse genetic resources from other tetraploid species (Campbell and Jones 2005; Meredith et al., 2012; Zeng et al., 2014) .
Interspecific germplasm introgression can greatly expand opportunities for genetic improvement of upland cotton. However, such efforts are constrained by genetic incompatibilities between the species and our limited knowledge on transmission genetics at the interspecific level (Gardunia, 2006; Saha et al., 2006b Saha et al., , 2013a . Gossypium barbadense and the nondomesticated tetraploid species harbor genes of potential value for the improvement of upland cotton. Very little information is available on transmission genetics in interspecific crosses of upland cotton with other species including G. tomentosum (Reinisch et al., 1994; Saha et al., 2006b; Rong et al., 2007; Zhang et al., 2011) . We have released a set of chromosome substitution (CS) lines using hypoaneuploid-based methods from G. barbadense (Stelly et al., 2005; Saha et al., 2011a) . We also reported that CS lines from G. barbadense (CS-B lines) can be used as an alternative approach to complement conventional pedigreed or population-based interspecific introgression methods (Saha et al., 2006a (Saha et al., , 2008 (Saha et al., , 2010 (Saha et al., , 2011a (Saha et al., , 2011b (Saha et al., , 2013b . Results showed that inducing recombination specific only to the targeted substituted alien chromosomes or chromosome segments thereby greatly reduced the presence of undesirable linkages. Here, we report on the use of CS lines from G. tomentosum (CS-T lines) and chromosomal effects on agronomic and fiber traits using a partial-diallel mating design among CS-T lines, CS-B lines, and 'TM-1', the recurrent parent, following the overall procedure of our previous studies (Saha et al., 2006a (Saha et al., , 2013b . In each CS-B and CS-T line, a pair of chromosomes (or chromosome arms) of TM-1 was replaced by the respective homozygous chromosome (or chromosome arm) pair from G. barbadense or G. tomentosum (Stelly et al., 2005) . Each CS line is nearisogenic to the recurrent parent TM-1 for 25 chromosome pairs; pairs of CS lines that involve different chromosome pairs are near-isogenic to each other for 24 chromosome pairs; pairs of CS lines that involve the same chromosome bulk sampled from 2010 open bolls) and the parents, including TM-1, were grown in two different locations on the Plant Science Farm (33.4° N, 88.8° W; designated as Environments 3 and 4) and one location at USDA-ARS Florence, SC (34.1° N, 79.4° W; designated as Environment 5). Soil types at Mississippi State were a Leeper silty clay loam (fine, smectitic, nonacid, thermic Vertic Epiaquept; Environments 1 and 3) and a Marietta loam (fineloamy, siliceous, active, fluvaquentic Eutrudepts; Environments 2 and 4). The soil type at Florence was a Norfolk loamy sand (fineloamy, kaolinitic, thermic typic Kandiudults). The F 2 populations and their parents were evaluated in a randomized complete block design with four replications within each environment. Standard agronomic practices were followed during the growing season for all environments. Each entry was grown in single-row plots 12 m long with rows spaced 97 cm and plants spaced 10 cm apart (about 110 plants row −1 ). A 25-boll sample per plot was hand-harvested from the first fruit positions near the middle nodes of plants to determine fiber properties. Samples were ginned on a 10-saw laboratory gin to determine lint percentage, and the lint samples were sent to StarLab (Knoxville, TN) for high-volume instrument fiber measurements. Micronaire (mic), upper-half mean length (UHM), and fiber strength were measured. After the boll samples were harvested, all plots were harvested with a commercial cotton picker modified for plot harvest, and lint weight per plot was calculated.
pair are near-isogenic to each other for 25 chromosome pairs. The partial diallel provided an opportunity to analyze chromosomal effects on important fiber traits.
Specific anticipated products from this research are: (i) novel genetic materials by infusing beneficial alleles from two different alien species in a common genetic background of upland cotton, (ii) a tool in upland cotton breeding programs for targeted exploitation of useful genes from wild species, and (iii) discovery of unique cryptic alleles from a wild species and an unadapted germplasm for improvement of upland cotton.
MATeRiAlS And MeThodS
A partial-diallel mating design of six CS-B lines (CS-B01, CS-B04, CS-B07, CS-B08sh [short arm], CS-B15sh, and CS-B18), six CS-T lines (CS-T01, CS-T04, CS-T07, CS-T08sh, CS-T15sh, and CS-T18), and TM-1 was conducted in the summer of 2009 at Mississippi State, MS (Fig. 1) . However, we could not use CS-B08sh parent line in the experiment because there were not enough seeds available for this study. The F 1 seeds were sent to Mexico in the fall of 2009 for production of F 2 seed. In 2010, F 2 hybrids and their parents, including TM-1, were grown in two locations at the Plant Science Farm (designated as Environments 1 and 2) at Mississippi State (33.4° N, 88.8° W). In 2011, F 3 hybrids (random Fig. 1 . A representative figure on the use of chromosome substitution lines to show the novel method of targeted incorporation of alien genes by chromosome shuffling creating novel genetic products from the infusion of tri-species germplasm for genetic analysis and germplasm improvement. Notice the differences in plant, leaf, flower, and fiber phenotypes among three different Gossypium tetraploid species.
The average value for each trait was calculated for individual CS lines and TM-1.
Genetic Analyses
The data were analyzed following the overall methods using an additive-dominance model of our previous studies Saha et al., 2013b) with genotype-by-environment effects included. Values obtained include variance components, proportional variance components, and predicted environmental and genotypic effects. The predicted genetic effects were expressed as deviations from the grand population mean, m (Zhu, 1994 (Zhu, , 1998 Wu et al., 2006; . Fixed effects (population means) were included at the end of each table, and the predicted genotypic values were calculated by the following equation: Ĝ V 2
, where  GVi is the predicted genotypic value for parent i,  m is the estimated population mean, and ˆi A is the predicted additive effect for parent i. A t-test was used to determine significance of the genetic effects from zero. We provided 95% confidence intervals to compare and detect significant differences between two lines in the tables. A statistically significant difference between two lines indicated that it was unlikely that the alleles for the trait associated with the CS lines came from the same source. The data analyses were conducted by an R package GenMod using the additive-dominance model . The additive-dominance model can also handle any missing data in the analysis.
ReSulTS
Assuming that all lines are isogenic except for the substituted chromosomes, differences among the lines for all traits were attributed to the substituted chromosomes. However, it should be noted that the identification of a quantitative trait locus (QTL) associated with the substituted chromosome or chromosome segment could also arise due to (i) environmental effects on genes and (ii) the retention of a small amount of residual genes in nonsubstituted chromosomes or chromosome arms from the donor parent during backcrossing and subsequent inbreeding in the development of CS lines. We reported most of our results in the tables as the deviation from the grand population mean. However, we presented some of the results in the text section below, calculating the actual value of fiber traits (given the estimation from the tables) to make readers aware of the actual genetic effects associated with the CS lines.
Average Values of Fiber Traits in Parental Genotypes
Lines CS-B01 and CS-T04 had significantly lower lint percentages than TM-1, whereas CS-T01 and CS-B04 had significantly higher average lint percentages. This could indicate that opposite selection pressure acted on the orthologous substituted chromosomes in these donor species, one domesticated and one wild. Whereas average lint percentage of TM-1 was 35.05%, averages of the CS lines ranged from 37.27% for CS-T01 to 32.51% for CS-T04, which indicates the presence of significant genetic from five different locations (Table 3) predicted that most of the fiber traits were significantly different among the locations, indicating that the experiments were conducted under diverse environments.
Additive Genetic effects
The predicted additive effects involving the partial random mating design of a fixed set of homozygous CS and TM-1 lines are comparable with general combining ability (GCA). An additive effect for a CS line is the effect of the alien species chromosome or chromosome segment and the remaining chromosomes of TM-1. However, the deviation of an additive effect of a CS line from the additive effect of TM-1 is considered the additive contribution due to the alien species chromosome or arm segment(s) in the TM-1 background based on our initial assumption that the CS lines are in uniform TM-1 genetic background except the substituted chromosome or arm segment(s) (Fig. 2 , Table 4 ). The same principle is applicable for dominance effects associated with the CS lines . Results showed that all of the substituted chromosomes from G. tomentosum and G. barbadense harbored several beneficial alleles with additive genetic effects for one or more of the fiber quality traits important to genetic improvement of G. hirsutum (Fig. 2) . Five of six CS-B lines and two of six CS-T lines had significant additive genetic effects on lint percentage (Table  4) . Substitutions of chromosome 4 of TM-1 from G. barbadense and G. tomentosum caused an increase (35.30%) and decrease (34.39%), respectively, relative to TM-1 (34.82%). The opposite pattern was observed for chromosome 1, for which substitutions from G. tomentosum and G. barbadense respectively caused a ~2% increase and a 3% decrease in lint percentage relative to TM-1. We did not detect any additive genetic effect for lint yield with any of the CS lines. Four of six CS-B and three of six CS-T lines exerted significantly higher additive genetic effects on fiber strength than TM-1 (31.76 g tex ). Interestingly, additive effects leading to weaker fiber were significantly different from TM-1 only for CS-B04 (30.96 g tex −1
). Additive effects leading to decreased mic relative to TM-1 (4.89 mic) were significant for only one CS line, CS-B01, among all of the CS lines. In contrast, six CS lines exhibited additive variation in the G. tomentosum genome for lint percentage (Table 1) . Lint yields for 9 of the 11 CS lines, including all CS-T lines, were lower than TM-1 (861 kg ha ) and significantly exceeded the average mean of TM-1 by 7%. The only CS line with a mic average significantly lower (~12%) than TM-1 (4.76 mic) was CS-B01 (4.20 mic). Most of the CS lines had mic averages higher than TM-1 or nonsignificantly different from it. The highest average mic value was observed for CS-T15sh (5.61 mic). Average fiber length (UHM) of three CS-B lines and one CS-T line was higher compared with TM-1 (28.14 mm), namely CS-B04, CS-B07, and CS-B 15sh, plus CS-T04. Line CSB15sh had the highest UHM (29.21 mm). Several CS-B and CS-T lines had significantly shorter fiber, including CS-T07, which had the lowest UHM (25.69 mm). It is likely important that both CS-B04 and CS-T04, the substitutions of TM-1 chromosome 4 by counterparts from G. barbadense and G. tomentosum, resulted in significantly higher average UHM values.
Variance Components
An examination of the relative contribution to variation (Table 2) indicates that additive effects significantly affected all traits except lint yield and that effects ranged from 22 (fiber strength) to 40% (mic). The relative importance of simple additive vs. dominance effects varied widely among the traits. For example, additive effects highly exceeded dominance effects for mic (3:1) and moderately exceeded them for UHM (about 2:1). Additive and environment interaction effects expressed as proportions of phenotypic variance ranged from 6 (lint percentage) to 7% (mic). Dominance and environment interaction effects as proportions of phenotypic variance for all of the traits except lint yield were negligible and indicated that additive and dominance genetic effects were not very environmentally dependent for most of these traits. Residual effects ranging from 34 (lint percentage) to 48% (fiber strength) of the phenotypic variance measurements suggested that genotypic effects and genotype-by-environment interaction effects potentially influenced many of the fiber traits. Variance components effects for significantly higher mic values than TM-1, the two highest being CS-B18 and CS-T15sh from the two donor species. Additive effects on fiber length (UHM) were significantly different than for TM-1 in 10 of the 12 CS lines, four with higher UHM and six with lower UHM. Substitutions from CS-B and CS-T for chromosomes 7 and 15sh had opposite additive genetic effects on UHM relative to TM-1, depending on the donor species; the effect was lower when substituted from G. tomentosum and higher when replaced with G. barbadense. However, substitution for chromosome arm 8sh from both G. barbadense and G. tomentosum reduced UHM, indicating that the short arm of chromosome 8 (8sh) from both the donor species harbored alleles causing significant additive genetic effects in a similar negative direction.
dominance and nonadditive interaction effects
Homozygous dominance effects of individual CS lines (Table 5 ) on lint percentage ranged over 33.56%. Line CS-T01 exerted the largest positive effect, followed by CSB08sh, and both differed significantly from TM-1. Only CS-T04 exerted a negative effect on lint percentage significantly different from TM-1. None of the homozygous dominant effects on lint yield was significantly different from TM-1, but the effects for a number of the CS lines were significantly different from each other; for example, CS-T01 (~600 kg ha
) was significantly lower than effects for five of the six CS-B lines. Collectively, homozygous dominant effects on lint yield by the CS-T lines were more negative than those of CS-B lines. Homozygous dominance effects on fiber strength were significantly larger than TM-1 for two CS lines, CS-B08sh and especially CS-B18; they were significantly lower for only CS-B04. Analogous effects by the CS-T lines were not significantly different from TM-1 for fiber strength, but CS-T18 was significantly different from two other CS-T lines, namely CS-T01 and CS-T04. The effects of substitutions of chromosome 18 by CS-B18 and CS-T18 were positive and negative, respectively, relative to TM-1. Heterozygous dominance effects (Table 6 ) for increased lint percentage were highest in the hybrid of CS-T08sh ´ CS-T15sh (36.46%). However, it is interesting to note that the CS-T08sh ´ TM-1 and CS-T015sh ´ TM-1 hybrids had heterozygous dominance effects for lint percentage of 34.58 and 34.69%, respectively. This suggests that the complementary interaction of the alleles from the two substituted chromosomes caused an increase in nonadditive manner heterozygous dominance effect for lint percentage in the hybrid of CS-T08sh ´ CS-T15sh. The CS-T01 ´ CS-T08sh hybrid had the highest heterozygous dominance effect on lint yield (1147 kg ha −1 ). The chromosome-4 substitutions, CS-B04 ´ CS-T04, had an increase of 2.05 g tex −1 in fiber strength from the population mean (32.014 g tex −1
) that was attributable to heterozygous dominance effects. This is in sharp contrast to negative heterozygous dominance effects for fiber strength in the hybrids of CS-B04 ´ TM-1 and CS-T04 ´ TM-1, respectively. Nonadditive interaction effects of the heterozygous alleles caused an increase in fiber strength in the CS-B04 ´ CS-T04 hybrid (Fig. 3, Table 6 ). Similar nonadditive interaction effects were detected when we compared heterozygous dominance effects in fiber strength among the hybrids of CS-T07 ´ CS-T15sh, CS-T07 ´ TM-1, and CS-T15sh ´ TM-1 (Fig. 2, Table 5 ). The CS-B01 ´ TM-1 hybrid reduced mic (4.59 mic) more than all other hybrids. It is interesting to note that the CS-T01 ´ CS-T18 hybrid had maximum heterozygous dominance effects favoring long fiber (UHM 28.55 mm) (Table 6 ).
homologous vs. homeologous Chromosomes (Chromosomes 1 and 15sh) Among all of the substituted chromosomes in our analysis, chromosomes 1 and 15 were a homeologous pair of chromosomes in the tetraploid (AD) cotton species. Our results revealed that CS-B01 and CS-B15sh both had a negative average effects of −1.08 and −0.71%, respectively, on lint percentage from the population mean (34.99%), indicating the possibility that similar negative selection pressures for this trait acted in evolution on the substituted paralogous alien chromosome or segment of G. barbadense (Table 1) . However, CS-T01 had an increase in average effect on lint percentage of 2.28% from the population mean, suggesting that this could be a result of positive selection pressures that favor factor(s) to increase lint percentage for the substituted chromosome 1 in G. tomentosum. Relative to the population means, CS-B01 had a negative additive effect of −0.60% on lint percentage and −0.44% on mic, whereas CS-T01 had positive additive effects of 0.56% on lint percentage and 0.23% on mic (Fig. 4, Table 4 ). Results showed that CS-B15sh had an increase in additive genetic effects on fiber length (UHM 0.46 mm) from the population mean (UHM 27.73 mm). However, CS-T01 and CS-T15sh had negative additive genetic effects of −0.51 and −0.47 mm, respectively, in fiber length from the population mean (UHM 27.73 mm). Although development of CS lines is a relatively difficult and time-consuming procedure, it is an exceptionally effective breeding method for germplasm introgression that assures recovery of alien germplasm after extensive backcrossing (Campbell et al., 2003 (Campbell et al., , 2004 Wan et al., 2004; Stelly et al., 2005; Xu et al., 2010) . In this report, we have analyzed CSs of G. hirsutum involving germplasm from two alien species providing opportunities for breeding use and genetic inference. Gossypium hirsutum and G. barbadense have been cultivated as tropical and subtropical annual crops since prehistoric times of human civilization. In contrast, G. tomentosum has grown as a wild tetraploid perennial shrub in Hawaii. The G. barbadense donor line (3-79) produces a considerably reduced amount of lint cotton and has lower lint percentage and mic, but longer and stronger fibers than the genetic background parental line, G. hirsutum (TM-1) (Saha et al., 2006a) . The wild species G. tomentosum produces only very short orangebrown fibers that are unsuitable for spinning or twisting into thread (Saha et al., 2006b ). Thus, intercrosses among these lines leads to many new genetic combinations and contributions to fiber traits that are important to cotton breeders. The overall method for genetic analysis and targeted incorporation of useful genes from three tetraploid species is depicted in Fig. 1 . A partial-diallel mating design in concert with the appropriate additive-dominance model analysis provided an effective quantitative genetic platform for dissecting genetic effects into additive, homozygous dominance, and heterozygous dominance effects for each of the CS-B and CS-T lines . Several studies highlighted the paramount importance of polyploidy with reference to the domestication and evolution of fiber traits in allopolyploid cotton species from the union of the two diverged diploid A and D genome species (Small et al., 1999; Wendel and Cronn, 2003; Adams and Wendel, 2004; Udall and Wendel, 2006; Grover et al., 2015) . This genomewide gene duplication in the tetraploid cottons provided an opportunity in evolution to make changes influenced by strong selection that produced remarkable phenotypic divergence between the wild and domesticated forms ( Jiang et al., 1998; Udall and Wendel, 2006; Rong et al., 2007) . The accumulating evidence from cytogenetic and evolutionary data suggested that the A genome of the allopolyploid upland cotton genome [(AD) 1 ] is more similar to the A genome of the ancestral diploid domesticated species than the D genome of the allopolyploid is to the D genome of the diploid wild predecessor species (Wendel and Cronn, 2003) . Using preliminary evidence, it is tempting to speculate on the evolution of fiber traits in our study by comparing genetic effects of the substituted homologous versus homeologous chromosomes (chromosome 1 and the short arm of chromosome 15) of G. barbadense and G. tomentosum, respectively (Fig. 4) . Our results revealed that CS-B01 and CS-B15sh both had negative average effects on lint percentage from the population mean, indicating that similar negative selection pressure acted in evolution on the substituted chromosomes on paralogous alien chromosomes or segments of G. barbadense (Table 1) . However, CS-T01 had an increase in average effect on lint percentage from the population mean, indicating the possibility that a different positive selective force might have caused an increased lint percentage on the orthologous chromosome 1 of G. tomentosum. Results showed that substitution of the short arm of chromosome 15 of G. barbadense and G. tomentosum had an increase effect on average of fiber strength, respectively, suggesting a similar positive selection pressure on the chromosome segment between the orthologous chromosomes for this trait in the two species. Substitution of G. tomentosum chromosomes one also produced a positive additive effect on lint percentage and negative additive effects on fiber length (UHM), whereas substitution of the G. tomentosum chromosome 15sh induced positive additive effects on mic and negative additive effects on fiber length (UHM) relative to TM-1, indicating different precedents in fiber trait evolution between G. tomentosum chromosomes 1 and 15sh.
Results from sequence and gene expression analysis revealed that most of the fiber development genes in the D t subgenome originated from nonreciprocal DNA exchanges from the A t subgenome of the tetraploid cottons (A t D t ) and that most mutations are convergent, with A t genes converted to the D t state at more than twice the rate (25%) or the reciprocal (10.6%) . Our preliminary results suggested the presence of considerable differences in fiber traits between the A t (chromosome 1) and D t (chromosome 15sh) subgenomes of the tetraploid cottons, possibly due to differences in selection pressures and evolutionary rates between the paralogous and orthologous chromosomes or segments of G. barbadense, a cultivated species, and G. tomentosum, a wild species (Fig. 4) . It has been suggested that one possible outcome of gene duplication during allopolyploid species formation was relaxation of selection, allowing divergence between the duplicated genes with an overall acceleration in evolutionary rate in the D t -genome, especially with fiber traits, relative to the A t -genome in allopolyploid Gossypium (Wendel and Cronn, 2003; Adams and Wendel, 2004; Chee et al., 2005a Chee et al., , 2005b Rong et al., 2007) . A previous study also showed appreciable differences in fiber traits, including fiber length and elongation in the number of QTLs between the homeologous loci of the subgenomes in the tetraploid cotton (Chee et al., 2005a (Chee et al., , 2005b . The current study also provided insight into the effects of the evolution and domestication of polyploid cotton. However, it is important to note that our study was based on very preliminary results from a comparative analysis between a complete chromosome with the paralogous segment of another chromosome (chromosome 1 vs. chromosome 15sh) between a wild and domesticated tetraploid species. Further research is needed using more direct evidence from molecular techniques at the wholegenome level to confirm the results on the evolution of homologous vs. homeologous chromosomes.
Cotton breeders are challenged to prevent genetic erosion of breeding materials when they rely most extensively on crosses among closely related elite genotypes that have and beget progenies with improved yield and fiber qualities; the continued reliance on elite germplasm leads to increased genetic uniformity and vulnerability to pests and diseases (Van Esbroeck and Bowman, 1998; Van Esbroeck et al., 1999) . For example, between 1986 and 1996, farmers in the United States cultivated nearly 25% of the successful cotton lines (those that occupy 1% or more of the planted area) that were originated simply from reselections and 60% cultivars from two-way crosses (Kuraparthy and Bowman, 2013) . Our results show that CS lines provided an opportunity to conserve all of the genes associated with the substituted chromosome or chromosome segment from the wild and unadapted germplasm by restricting recombination in its hypoaneuploid based development stages (Stelly et al., 2005) , and they also unlocked the gateway for discovery and targeted introgression of beneficial genes including many cryptic alleles, for some of which the effects cannot be detected directly in the donor alien species. For example, substitution of chromosome 7 (CS-T07) from G. tomentosum, a wild species that never produces spinnable lint fibers, caused about a threefold increase in additive genetic effects for fiber strength compared with TM-1 (Table 4) . This is important, considering that fiber strength is largely determined by a few major genes and is considered as one of the important quality traits influencing the strength, manufacturing process, and cost of yarn (Meredith, 1977; Bradow et al., 1997; May, 1999; Kumar et al., 2012) .
Results also showed that all of the substituted chromosomes from G. tomentosum and G. barbadense harbor beneficial alleles with additive genetic effects for one or more the fiber quality traits important to genetic improvement of G. hirsutum (Fig. 2) . To date, G. tomentosum has not been extensively used in cotton breeding. As with other noncultivated species, alleles that could be used to enhance crop performance for a quantitative multigenic trait are difficult to discover natively because they are often masked by negative effects also present in the wild genetic background (Tanksley and McCough, 1997) . Additionally, they are difficult to recover or use from conventional introgression due to extensive loss of alien germplasm during backcrossing, selection, and genomic incompatibility at the whole-genome level. To be successfully introgressed, alien alleles must be free of all linked, agriculturally deleterious alleles before being deployed in a cultivar and must be free of genomic incompatibility effects. Chromosome substitution lines provide opportunities to overcome some of the genetic drag effects and genomic incompatibilities that can hamper conventional wide-cross breeding approaches.
Most Gossypium studies on interspecific transmission genetics are based on crosses between the cultivated species G. hirsutum and G. barbadense. These studies revealed that alien species gene retention and genetic combinations are often very difficult due to incompatibility at the whole-genome level, and that they result in nonrandom undesirable products in conventional interspecific introgression methods (Rong et al., 2004; Zhang et al., 2011) . It was suggested that the hybrid breakdown in some Gossypium interspecific populations was not necessarily due to structural differences at the chromosomal level, but to incompatible allelic interactions (Harland, 1939) . However, very little information is available on transmission genetics in interspecific crosses of upland cotton with G. tomentosum (Waghmare et al., 2005; Zhang et al., 2011) .
Gossypium tomentosum plants were reported to have produced a large number of flowers in a field experiments in Texas without setting any seeds (Gardunia, 2006) . Findings suggested that this could be due to: (i) the special characters of the flowers with long style and stigma extended far from the anthers, making self-pollination difficult, or (ii) due to the lack of suitable nocturnal pollinators because G. tomentosum, whose flowers remain open well into the night, could be receptive to pollination more in night than day time (Fryxell, 1979) . Another study also revealed some impediments in conventional methods of interspecific introgression from G. tomentosum to G. hirsutum (Zhang et al., 2011) . For example, this study showed that only ~10% of the F 2 plants produced flowers, and heterozygotes occurred in BC 3 F 2 generation at an average frequency of 28.9% loci, whereas G. tomentosum homozygotes occurred at 1.8% loci due to biological constraints. This suggested that G. tomentosum introgressions might only be useful in F 1 hybrid cottons, mitigating linkage drag associated with introgression by virtue of the presence of adapted alleles from one parent. Our results showed the presence of almost 100% flowering, with most of the CS-T lines producing 100% fertile F 2 hybrids because the genomic incompatibilities were restricted to only the substituted chromosome or segment, with the potential of transferring all genes from that substitute. This is due to introgressing alien chromosome or segments using hypoaneuploid-based methods in successive backcrosses during development of CS lines (Stelly et al., 2005) . Molecular results also revealed almost 100% homozygosity for the alien chromosome or segment in most of the CS lines (Saha et al., 2015) . This study suggested that CS lines can overcome some of the impediments of conventional breeding methods-by limiting the scope of introgression to ~5% of the donor genome per line and producing sets of isogenic lines, one gains facility, speed, and efficacy in downstream research and breeding.
Previous studies (Meredith, 1984; May, 1999) on the genetic basis of fiber properties concluded that, even though environmental effects (such as locations, years of testing) affect fiber length, strength, and fineness, the magnitude of genetic variation is generally greater than that of nongenetic factors. Their results revealed that, among the genetic factors, additive effects generally play a more important role rendering moderate to high heritability in many fiber traits. The additive genetic effect provided an estimation of GCA of the specific CS line Jenkins et al., 2006 Jenkins et al., , 2007 . The additive genetic effects or GCA represent the average performance of CS parents in hybrid combinations with all other parents in the study (Ragsdale and Smith, 2007) . Our results from variance component analysis revealed that additive and dominance genetic effects were not very environmentally dependent for most of these traits. Considering at least one QTL or additive genetic effect, a total of 31 significant additive effects were detected for five fiber traits in CS-B and CS-T lines. Sixteen different significant additive effects for fiber traits were associated with the CS-B lines, and 56% of these effects could be useful to improve fiber traits in TM-1, the recurrent parent. On the contrary, based on the similar assumption of at least one QTL or additive genetic effect, we observed that 15 QTLs with additive genetic effects were associated with the CS-T lines, of which 40% had genetic potential to improve fiber traits in TM-1. Three of the six CS-T lines and six CS-B lines had higher additive genetic effects with potential to improve fiber strength in TM-1, indicating that some of these alien alleles from different CS lines could be used in stacking multiple favorable alleles into a single line using specific breeding strategy (Fig. 1, Table 4 ) Fiber strength is one of the most important traits determining the yarn quality in textile industries because it helps to withstand mechanical impacts of the yarn-spinning process, so that it can be spun at a greater speed compared with weaker fibers (Meredith et al., 1991; Deussen, 1992; Kumar et al., 2012) . Therefore, fibers with good strength and higher tenacity are preferable, because they can tolerate more powerful mechanical handling with less costly disruption in textile processing (Chee et al., 2005a (Chee et al., , 2005b Kumar et al., 2012) and generally produce more long-lasting fabrics that maintain cotton's natural qualities after chemical processing (Deussen, 1992; May, 1999) .
Previous studies reported ~80 QTLs for fiber strength, the majority of which from the early generation of interspecific hybrid populations, with the favorable alleles originating primarily from G. barbadense Kumar et al., 2012) . The number of QTLs that were detected in each study ranged from 1 (Zhang et al., 2003) to 21 , explaining 2.4 to 53.8% of the total phenotypic variation (Kumar et al., 2012) . Our results showed that, in addition to the substituted chromosomes or segments of G. barbadense, CS-T-07, CS-T08sh, and CS-T 18 from G. tomentosum carried cryptic beneficial alleles with potential to improve additive genetic effects for fiber strength (Fig. 1, Table 4 ). Previous studies reported a strong inverse relationship between lint yield and fiber length, and possibly an even stronger inverse relationship between lint yield and fiber strength in interspecific introgressed lines (Culp and Harrell, 1974; Zeng et al., 2010) . Our results revealed that several of the CS lines carried alien alleles with potential of additive genetic effects to improve fiber length and strength ( Fig. 1 and 4 ; Table 4 ). Over the last 5 yr, fiber length of US cotton has increased only 4%, suggesting that CS lines may be a new genetic resource to overcome this problem (Kuraparthy and Bowman, 2013) .
None of the lines except CS-B01 had lower additive genetic effects on mic than TM-1, suggesting that the substituted chromosome in CS-B01 carried alien alleles useful to improve mic in upland cotton. It has been reported that spinning larger numbers of finer fibers (lower mic) together produces stronger and more uniform yarns compared with spinning fewer and thicker fibers (Ramey, 1982) . Normally any values of mic <3.5 or >4.9 are in the discount range in price for poor fiber quality in the US cotton market. It has been reported that US cotton has an upward trend (7%) in mic from 2000 to 2010 (Kuraparthy and Bowman, 2013) . Almost all of the CS lines harbored alleles with antagonistic additive genetic effects on some desirable fiber traits, suggesting that additional breeding strategies would be required to get rid of the alien alleles associated with negative genetic drag effects (Fig. 1) .
Dominance effects are grouped into two categories homozygous and heterozygous dominance (Tables 5 and  6 ). The deviation from TM-1 of a homozygous dominance effect of a CS line estimates the difference of dominance effects between the substituted homozygous pair of chromosomes and the respective homozygous pair of TM-1 chromosomes. The deviation of heterozygous dominance effects of the substituted chromosome(s) (chromosome interaction effects in hybrids) from TM-1 measures the difference in the interaction effects between the alien alleles in the substituted heterozygous chromosome(s) from the interaction effects of the TM-1 alleles in the same chromosome(s) ( Jenkins et al., , 2007 . Dominance effects correspond to specific combining ability ( Jenkins et al., , 2007 Wu et al., 2006) . The isogenic nature of the CS lines and the partial-diallel mating design provided an opportunity to compare dominance effects from a double heterozygous combination vs. a single heterozygous combination for any two specific substituted chromosomes or chromosome arms, revealing genetic effects on a chromosome-by-chromosome basis. Results revealed that some of the double chromosomal heterozygous dominance genetic effects in the hybrid from the cross of two CS-T lines had potential to improve several fiber traits compared with the hybrid from the same single-chromosomal heterozygous dominance genetic effects. Several CS-B and CS-T lines were intercrossed with each other and the recurrent parent to unveil that chromosomal or interlocus interactions of potentially interacting alleles played a major role in the nonadditive mode of genetic regulation of several fiber traits. For example, comparative analysis of CS-T07 ´ CS-T15sh, the double heterozygous hybrid, with the single heterozygous hybrid for the same chromosomes, respectively, in CS-T07 ´ TM-1 and CS-T15sh ´ TM-1 hybrids revealed a nonadditive mode of complementary interaction at the interlocus of the two alien chromosomes, causing an increase in heterozygous dominance genetic effect for fiber strength (Fig. 4) . This result is in concordance with our previous studies, with CS lines showing that interaction effects of genes played a major role in controlling most of the fiber traits (Saha et al., 2006a (Saha et al., , 2008 (Saha et al., , 2010 (Saha et al., , 2011a (Saha et al., , 2011b (Saha et al., , 2013b .
Currently, the US cotton industry has shifted from a domestic-based market to an export-oriented market, because nearly two-thirds of US cotton fiber is sold on the world market (Agricultural Marketing Service, 2011) . This market shift, along with the improvement in spinning technology in textile industries, demand the production of cotton with greater fiber quality than the standards established for the domestic market. Additionally, fiber quality in the United States has declined after 2000 due to the narrow genetic base in upland cotton (Bowman and Gutiérrez, 2003) . Global competition in the textile fiber market has demanded new research and breeding strategies to elevate the genetic potential of upland cotton and US-produced cotton. The global competition demands new thinking and research strategy to unveil the genetic potential of upland cotton. This study reports a new strategy to complement conventional interspecific introgression using a novel method of chromosome shuffling among three species to make US cotton competitive in the world market. It also provides new information on the following: (i) development of a unique set of germplasm by targeted introgression of desirable genes from three species, including wild and unadapted types, into genetic backgrounds readily usable by the breeders with minimum linkage drag, (ii) comparative analysis of fiber traits on a chromosome-bychromosome basis between a domesticated and wild species (G. barbadense vs. G. tomentosum), (iii) new information on cryptic alleles associated with the substituted chromosome or segment of G. barbadense and G. tometosum that can be useful for the genetic improvement of upland cotton, and (iv) preliminary information on the evolution of fiber traits from comparative analysis of the substituted chromosomes of a domesticated vs. wild species. The narrow genetic base and the low utilization of genetic resources from wild and unadapted germplasm are the major factors limiting global productivity in many crop species.
This research is a stepping-stone to provide a breeding tool for chromosome-specific introgression of valuable traits from wild and unadapted species into upland cotton.
These CS lines provide powerful analytical tools for highresolution, chromosome-specific genetic dissection of complex traits and validation of other genome maps. This research also demonstrated a novel way of exploiting new and diverse sources of variation from wild and unadapted germplasm, especially in crops where a substantial number of CS lines are available.
